Introduction: Missions such as Deep Interior [1], which would have mapped the interior of a small asteroid with radar tomography, require a detailed knowledge of both shape and surface topography of the body as well as accurate determinations of the spacecraft position. Recent applications of stereophotoclimometry and navigation estimation to small bodies have proven to be more than adequate for satisfying the requirements of such missions. During the recent Hayabusa mission to Itokawa, about 600 AMICA science images were analyzed. The asteroid's shape and topography were characzterized to about 20 cm, and the spacecraft's position was found to a few meters at the home position range of 7 km. For such small bodies, an additional data type such as laser or radar ranging must be used to set the global scale.
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Itokawa:
On 12 September 2005, the Japanese Hayabusa spacecraft arrived at the asteroid 25143 Itokawa. Due to Itokawa's small size (500 meters) and low gravity, the spacecraft did not orbit, but hovered near each of two stations on a line between the asteroid and Earth. It remained at the "Gate Position" at a range of about 18 km until September 30, and then shifted to the "Home Position" at a range of about 7 km. Between October 8 and 28, it made several excursions to higher phase locations to obtain varying illumination conditions, and away from the equator to obtain polar data. On November 4, 9 and 12, the spacecraft made approaches to the asteroid in preparation for touchdowns on November 20 and 26.
A set of about 800 landmark maps (L-maps) was constructed from the science images using stereophotoclinometry [2] . These maps were used to construct a global topography model (GTM), to estimate the pole, and to determine the spacecraft's location. Since this was not an orbital mission, LIDAR was needed to set the range, and with that extra data type the spacecraft position was found to about 1.5 meters near the home position. The pole determination had an uncertainty of about .005 degrees, and the landmark locations had rms residuals of about 20 centimeters. The L-maps play the role of body-fixed control points, which can be correlated with imaging data under any illumination or geometry. Their correlation with wide-angle navigation images from the November 12 approach determined the spacecraft trajectory and enabled a solution for Itokawa's mass.. 
Eros:
In an ongoing study using the NEAR imagina data, the asteroid Eros has been tiled with over 6000 L-maps of varying resolution. Surface residuals are less than 3 meters. With the spacecraft positions assumed to be correct, the camera pointing residuals are less than 20 µrad from L-map correlation, less than a sixth of the best previous value. Work is now underway to incorporate NEAR laser altimeter ranges as a data type to improve the spacecraft ephemeris. The Gravity harmonics predicted from a homogeneous GTM are much closer to the observed values than those of previous models, indicating a more uniform interior mass distribution [3] . It is believed that the remaining residuals are due to noise in the determination of the gravity harmonics which may be reduced by the improved knowledge of the spacecraft positions.
Navigation Strategies: For missions to very small bodies, orbiting is not an option due to solar pressure, so that the scale cannot be set by a combination of dynamics and Doppler. Some sort of ranging device, either laser or radar, is essential. Initially, tha bodyrelative spacecraft locations are found through a combination of accurate camera pointing and range to the as yet undetermined surface. With these data and the ensemble of images, a fairly accurate shape and topography model can be constructed. The largest errors in the model are global ones due to the overall scale.
At this stage of the Itokawa analysis, there was a 0.5% difference between ranges determined by the LIDAR and the ranges predicted from the GTM and the spacecraft ephemeris. This amounted to about 35 meters at the 7 km home position and a 1 meter error in the GTM. Once corrections were made in the ephemeris, a single iteration, the range errors were at the meter level and the ephemeris-related GTM errors were negligible.
The 20 µrad errors quoted above for Eros tell us how well the footprint of the camera on the surface is known. There can be larger pointing errors which are offset by cross-or down-track spacecraft position errors. In order to minimize these errors for the Hayabusa data, a free fall trajectory was fit to the position data between maneuvers. This averaged down the ephemeris errors to the 1.5 meters quoted above, and simultaneously reduced the pointing errors.
It is probable that the same level of accuracy can be achieved with radar ranging, assuming that the return from a precisely determined topography can be adequately modeled. This would provide about quarter wavelength position uncertainties for a 50 Mhz ground penetrating radar.
